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SUMMARY 

Wind-tunnel tests of NACA 65(216 M : 20, a - 1.0, and 
66(21^)-i]-20, a = 1.0, airfoils at speeds u;o to and slightly 
above the critical are described. The test Reynolds numbers 
extended from 000, 000 to 17,000,000 for the 65-series 
airfoil and from ^,000,000 to 25,500,000 for the 66-series. 
Section coefficients of lift, drag, and pitching -moment and 
extensive pressure-distribution data are presented. 

The critical speed for these airfoils at their design 
lift coefficient of is shown to be about KGO miles per 

hour at sea level and about ^15 miles per hour at 25,000 feet 
altitude. The 66 ( 215 )-^-20 airfoil was "found to be extremely 
sensitive to surface imperfections. Throughout the test 
range the 65-series airfoil had no more and even less drag 
than the 66-series airfoil, and the low-drag characteristics 
extended over a greater range of lift coefficients. 



INTRODUCTION 

In order to provide data on the characteristics at high 
speeds, tests have been made of NACA 65( 2l6 )- l! -20, a » 1.0, 
and 66(2l5M-20, a = 1.0, airfoils of 5-foot chord, and a 
66(2lS)-420, a = 1.0, airfoil of 3-foot chord. The purpose 
of the latter was to determine the separate effects of 
Reynolds number and compressibility. The t^o pro files were 
chosen in order to determine the effects of rather high 
camber (0.4 ideal lift coefficient) and large thickness 
(20 percent of the chord) on the section characteristics of 
low-drag airfoils. All three ^ r ere tested at speeds up to 
and slightly above the critical. 



The test results for the NACA 66(21g)-^20 airfoil of 
5-foot chord have recently been published (reference l) # but 
the coefficients were uncorrected for tunnel-wall effects. 
The corrected results are included in the present report. 



APPARATUS AND METHOD 

The tests were conducted in the Ames l6-foot high-speed 
wind tunnel, Moffett Field, Calif. This tunnel has a single 
return and a closed circular test section l6 feet in diameter. 

In accordance With the NACA notation,, the first number in 
the designating numbers of the airfoils, NACA 65( 2l6)-^20, 
a = 1, and 66(2l£)- 1 4-20, a = 1 indicates that the sections 
are for low-drag airfoils of the 6 family. The second numbers, 
5 and 6, indicate that the region of falling pressures extends 
from the leading edge to 50 and 60 percent of the chord, 
respectively. The numbers 'in the parentheses indicate the 
basic airfoil sections from which these airfoils were derived. 
The number 2 indicates that the low-drag range of the basic 
airfoil is for lift coefficients 0.2 more or less than the 
ideal. The numbers l6 and lg indicate that the basic airfoil 
sections are 16 and 1JS percent of the chord thick, respectively. 
The number following the dash, indicates the ideal lift 
coefficient to be 0.^, the number 20 shows the thickness in 
percent of chord, and a = 1 is the designation of the camber 
line which gives a. uniform chordwise lift distribution. The 
two airfoils are thus designed to have the same working range 
of lift coefficient, are cambered for the same ideal lift 
coefficient (0.1|), have the same thickness (0.20 chord), and 
are designed for uniform chordwlse distribution of lift. 

The coordinates for the airfoil sections are given in 
figures 1 and 2. These coordinates were derived from those 
for symmetrical airfoils by the method explained in reference 2. 
All three airfoils were of constant chord. They completely 
spanned the test section of the wind tunnel, as shown in figure 
3 except for clearance of one-eighth to three-sixteenths inch 
at the tunnel walls. 

The airfoils were made of wood mounted on welded steel 
box s^ars. The airfoil sections stopped at the tunnel walls, 
but the sr>ars extended through the walls to the trunnions of 
the balance frame, which supported the airfoils and provided 



for adjustment of the angle of attack. 

The airfoils were painted, sandpapered, and polished so 
that the surfaces were fair and true and, during the tests, 
they were maintained in this condition. The angles of attack 
were checked curing the tests by means of torque tubes 
fastened, to the airfoils at midspan and extended to reference 
fittings outside the test section of the tunnel. The torcue 
tubes made it possible to determine the twist of the airfoils 
under load and to compensate for deformation so that the mid- 
span section was kept at the desired angle of attack. 

In each airfoil, 2. 5 feet, from the mids^an, there was a 
chordrise row of 37 static pressure orifices. The orifices, 
0.020 inch in diameter, were connected to a mul tiple~tube 
manometer which was photographed to obtain instantaneous and 
permanent records. 

From measurements of the loss of momentum in the wake 
behind the airfoils, the drag coefficients of the airfoil 
section were computed. The momentum-loss measurements were 
made at the center of the span by means of a rake of total- 
pressure and. static-pressure tubes connected to a multiole- 
tube manometer. The method of Silverstein and Xatzoff 
(reference 5), as outlined by Davis in reference - 5 ~, was 
employed for commuting the drag coefficients presented in 
this report. 

The lift coefficients were derived, by integrating plots 
of the -oressure distribution to obtain the coefficients^ of 
normal force and applying the formula, given later, for lift 
coefficient in terms of normal force and. drag for various 
angles of attack. Coefficients of pitching moment were 
commuted by integrating the moments of the ^resoure as shown 
by plots narallel and normal to tj a chord. 

For a few of the tests, in order to determine the effect 
of various surface conditions, the transition point was arbi- 
trarily fixed a* 10, 30, 50, or 60 percent of the chord aft 
of the leading edge on both the upper and lo T ?er surfaces by 
l/c-inch-wide soanwise bands of No". 60 carborundum grains, 
The effect of "standard" roughness, as described in 
reference 5, *ras tested on only the NAG A 65 (21 6) -'+20 airfoil. 
Sheets of No. 60 carborundum paper extending around the 
leading edge of the airfoil for 10. R inches constituted the 
"standard" roughness for this test. 



COEFFICIENTS AND SYMBOLS 
The coefficients used in this report are as follows: 
c n section normal-force coefficient [l/c /(S T j - 5 L )dx 

L c 

c d section drag* coefficient Mp/c J H ~ H ^ dy J 

W q 



ci m section lift coefficient f c n _ c ^an a 

\cos a d 

c m / section oitchinp-moment coefficient 

. f l/c 2 [ /(Sy - S L )(| - x)dx + /(S TJ -S L )y dy]). 

L C 4 , C 

S pressure coefficient ^ H Pi ^ 

P pressure coefficient ^ Pl ~ 

R Reynolds number f£M J 

M Mach number f X. 
where 

c airfoil chord 

Sy pressure coefficient, upper Surface 

S^ pressure coefficient, lower surface 

x distance of pressure station from 

leading edge measured parallel to 
wing chord 

F proportionality factor (reference 4) 

w thickness of wing wake 

H = p+(l+T})q total pressure in free stream 



T 



Hi total pressure in wing wake 

q free-stream dynamic pressure C^pV ) 

p free-stream static pressure 



(l + T| ) the compressibility fp.ctor (reference 6) 

(1 + » + * + -JL — 2 + . . 



y . ordinate of pressure station 

measured from Wiog chord 

a angle of attach of airfoil, degrees 

p 7 local static pressure on airfoil 

surface 

P density of air in free stream 

V velocity of air in free stream 

\1 viscosity of air in free stream 

a velocity of sound in free stream 

The eouation for the critical pressure coefficient of 
the form (p, - p)/q, at which the speed of sound is reached 
locally, is 

Per = ^§^[0.S3^ (1 + 0.20 I^)J 3 - 5 - l\ 



(reference 1 } page 6, eouation (6a) ) 

S = — i = p + q(l t r,) Z Pl = (i 4- n) - ( m I V \ 
Q q \ Q J 



Since 

H~t> 



and 

p = Pl " p 



I 
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then 



S = (l + p) -P, 

there 
reached is 



ana, therefore the value cf S 



cr 



at which sonic velocity is 
* (1 + r\) - P cr 



I 



Of use in this renort is a theoretical equation for the 
rate of change of pressure coefficient with Mach number. An 
equation of von Karmah's (reference g page 3^7, equation Kb2)) 
is used. T iith von KarmaVs symbol notation changed to that 
used in this report, the equation is 



P-- 



i "+ VI - M* 



_o 
2 



where 



P M 



pressure coefficient at a Mach number of M 



P pressure coefficient at a Mach number of zero 

von Karman's eouation in terms of S is then 



S M = (l + p) - 



VI - K 2 + 



(1 - S 0 ) 



1 + 



vrr 



BTS" 



(¥*) 



CORRECTIONS FOR TUNNEL-* ALL EFFECTS 

The results presented in this report have been corrected 
for tunnel-wall effects by a method developed at the Ames 
Aeronautical Laboratory. The following equations give the 
corrected section lift, drag, and moment coefficients, angle 
of attack Mach number, and Reynolds number for these airfoils 
in terms of uncorrected values of these Quantities, which are 



7 



5 

< 



indicated by the subscript u. 

For the 5-foot-chord airfoils: 



i - 



.[0.0232 + (2 - M u 8 ) 0.00gli6j\c l 



u 



c d = l - 



r r 2 - m* i + o. ii- ::. : s i 



L 1 - M u 3 



0 .0081^6 jcfl 



V« ■ [ 1 - (0 - 00 ^ S) (f^K)> c / 4u * (H^K 



a = a u + 9-257. 



( c l u ^-c fficAu ) 



M = 



1 + «° (1 + 0.2 M u *)1m u 

1 - x-. u 



R = (1.006) Ry 
For the g-f oot-chord airfoil: 



° l = I 1 " 1 Au 2 C °-° 722 + (2 " I: u 2) 0.02165]} c lu 
°d = 1 ~ (— ^ + H- ) 0.02165 J c du 



c *cA - (0.02165) ( 2 ~ K ¥? ) 1 c mr > ■/ p.01g05 V. T 

' V I • "'.. 2/ J ** C / 4 U t. J 2/ I'll 



a 



■u 



1 




R = ( 1.022 ) R u 

The pressure coefficients presented herein were corrected, for 
tunnel-wall effects by the application of analogous equations. 



The data presented fall naturally into five sections. 
The first three sections include the lift drag, and pitching- 
moment characteristics, as well as the critical Mach numbers 
of the individual airfoils. These results appear in the 
following order: NACA 66 (215) -^20, 5-foot chord (figs, k to 
10); NACA 66 (213) -11-20, 3-foot chord (figs. 11 to 17); and 
NACA 65(2l6)-420, 5-foot chord (figs. 13 to 25). In the 
fourth section, comparisons of the section characteristics of 
the three airfoils for various conditions are shown (figs. 26 
to 35). The last section contains pressure-distribution data 
for the three airfoils at several angles of attack and for 
Mach numbers including the critical Mach number (figs. 36 to 



Of the NACA 6£(2l6)-l+20 and 66(2l3)-"+20 airfoils of 
5-foot chord, at 0° angle of attack and with the surface 
smooth, the NACA 65 (215 Ml20 had an equal or lower drag coef- 
ficient throughout the range of Mach numbers of the tests. 
Figure 26 shows that at a Mach number of 0.15 the two airfoils 
had the same drag coefficient O.OOU-l and at a Mach number of 
O.55 the 65(2l6)-'+20 airfoil had a drag coefficient of only 
0.0014-3; whereas that for the 66 (213 )-l+20 airfoil was 0.00"+9. 
The raoid dra? increases shown in figure 27 at Reynolds 
numbers of approximately 17,000,000 and 22,000,000 for the 
5-foot-chord' and S-foot-chord airfoils, respectively, are due 
primarily to compressibility shock rather than scale effect. 



RESULTS AND DISCUSSION 



5D. 



Figure 33 shows that the minimum drag coefficient of the 
NACA 65(2l6)-U20 airfoil was 0.0002 less than for the 



66(21g)-^20 airfoil. Also, the 65-series airfoil maintained 
its lo T .^-dr°g characteristics over a range of lift coefficients 
greater by 0.2. than the '66- series airfoil. The results in 
figure 3?. are for a Mach number of ©.ty-j comparison of 
figure 7 with figure 21 shows that the 65- scries airfoil had 
the lower drag coefficient for most of the angles of attack 
pnd Mach numbers included in the tests. 

Figure 50 shows that the NACA' 66(21$)— ^20 has a slightly 
higher critical Mach number (O.OIS) at the design lift 
coefficient of 0.4- than the NACA 65(2l6)- l J-20, 5-foot-chord 
airfoil* The sm&ll difference, loss than 1 percent' between 
the critical Mach numbers of the NACA 66( 2l3')-^20, 5-foot- 
and S>- foot- chord airfoils is well within the limit of 
experimental accuracy 4 The critical Mach number is about 
0.60 at the design lift coefficient and corresponds to 
^60 miles per hour at sea level or &15 miles per hour at. 
25,000 feet altitude, 

In figures 6, 13. and 20 von Karm£n ! s theoretical 
relation (reference SU for the rate of increase of pressure 
coefficient T - r ith increase of Rach number is shown. The 
results for these three airfoils indicate that von Karman's 
theory Predicts the critical speed of the airfoils to be 
higher than it actually is. 

For Mach numbers below the critical, fixing the transi- 
tion point resulted in an almost constant increase of drag 
coefficient for each airfoil and roughness condition (figs. 4-, 
5, 11, 12, l£, and 19), except for the roughness at 60 percent 
of the chord on the NACA 66(2180-^20, g~ foot-Chord airfoil. 
With this airfoil the increase of drag coefficient vrith speed 
indicated that the transition point was probably moving 
forward (fig, 12(a)). The data also show that for Reynolds 
numbers from 2^,000,000' to 22,000,000 the drag coefficient 
for this condition was greater than With roughness at 
30 percent of the chord ^ The roughness at 66 percent of 
the chord may have contributed to^ separation over the rear 
portion of the airfoil after the transition point moved 
forward, which might have been the cause for the larger drag 
coefficient. 

Comparison of figures k- and lc shows the NACA 65*( 2l6)-^20 
5-foot-chord airfoil to be less affected by roughness than 
the NACA 66( 210)-42O. This characteristic* was brought out 
very markedly during the tests. Minute imperfections in the 
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surface of the 66-series airfoil caused an appreciable Increase 
of dr-~ coefficient (--bout 0.0005), while the 65-series air- 
foil Wa s much less sensitive to surface imperfections. 

Figure 27 shows that of the NACA 66( 21g)- l J-20, 5-foot-and 
g-foot-chord airfoils, the 5-foot-chord airfoil had a lover 
dr^g coefficient than the g-foot for Reynolds numbers of 
12 000,000 to 17,000,000. A Reynolds number of 15,000,000 
corresponds to * Hach number of 0.^65 for the 5-foot-chord 
airfoil and to 0.27 for the g-foot airfoil. Figures 36 and 
37 show that at these Mach numbers the 5-foot-chord airfoil 
has a more favorable pressure gradient than the 2-foot airfoil 
ana therefore is more favorable to laminar flow over the forward 
wing surface. This steeper pressure gradient on the 5-foot- 
chord "airfoil might have caused more extensive laminar flow, 
thus reducing the drag coefficient in comparison to that for 
the g-foot-chord airfoil. 

The MAC A 65 ( 2l6)- l J-20, 5-foot-chord airfoil at angles of 
attack of 2.1°, 3.1°, and and for Hach numbers just 

below the critical value (fie. 21) is another example of 
beneficial compressibility effects on the drag coefficient. 
For these angles of attack, the oressure distribution over 
the upper surface of this airfoil (figs. and ^9) was 
rather flat for Mach numbers up to about 0,*K With the 
small pressure gradient, the transition point Probably moved 
forward with increasing speed but, at Mach numbers above 
about O.k, compressibility made the gradient more favorable 
to laminar flow. 

Because of the large size of the airfoils relative to 
the wind tunnel the maximum normal-force coefficients shown 
In figures 10, 17, 2^, 25, Zk, an^ 35 probably do not accu- 
rately represent free-air conditions. 



CONCLUSIONS ■ 

The results of tests presented, in this report lead to the 
following conclusions: 

1. For most of the angles of attack and Mach numbers of 
these tests, the NACA 65 { 2l6)-^20, 5-foot-chord airfoil has a 
lower drag coefficient than the NACA 66(2lS)-420 ^-foot-chord 
airfoil and the low-drag characteristics of the 65-series air- 
foil extend over a greater lift-coefficient range than for the 
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66-series airfoil. 

2. The MAC A 66(21^5-^20 airfoil is more sensitive to 
minute surface imperfections than the NACA 65 (21 6) -^20 
airfoil. 

3* The NACA 66(21g)-^20 airfoil has a slightly higher 
critical Ma oh number (greater by O.O15) "than the NACA 
65 (216) -U-PO airfoil. 

^ f For these airfoils, von Karraan 1 s relation for the 
rate of increase of ores sure coefficients with Mach number 
leads to overestimation of the critical speed. 



Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Calif. 
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Figure 3. -An NACA 66(2181-420, 8- foot-cho rd airfoil 
in the wind tunnel with the momentum rake in place. 
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